Metabolism is influenced by age, food intake, and conditions such as diabetes and obesity. How do physiological or pathological metabolic changes influence stem cells, which are crucial for tissue homeostasis? This Commentary reviews recent evidence that stem cells have different metabolic demands than differentiated cells, and that the molecular mechanisms that control stem cell self-renewal and differentiation are functionally connected to the metabolic state of the cell and the surrounding stem cell niche. Furthermore, we present how energy-sensing signaling molecules and metabolism regulators are implicated in the regulation of stem cell self-renewal and differentiation. Finally, we discuss the emerging literature on the metabolism of induced pluripotent stem cells and how manipulating metabolic pathways might aid cellular reprogramming. Determining how energy metabolism regulates stem cell fate should shed light on the decline in tissue regeneration that occurs during aging and facilitate the development of therapies for degenerative or metabolic diseases.
Introduction
Stem cells serve as the origin for all tissues during embryonic and postnatal development, and contribute to tissue homeostasis and repair throughout adult life. Stem cells hold great promise for replacement therapies for degenerative diseases and age-related disorders. Embryonic, postnatal and adult stem cells share two crucial characteristics: the ability to produce at least one daughter stem cell upon division (self-renewal) and the ability to generate differentiated cells (potency). Stem cell potency varies depending on the type of stem cell. For example, embryonic stem cells (ESCs) are pluripotent and can generate all three germ layers (endoderm, ectoderm and mesoderm) (Thomson et al., 1998) . Stem cells that are present in adult tissues can be either multipotent or unipotent (i.e. giving rise to multiple differentiated cell types, or only one cell type, respectively) (Nakada et al., 2011) . Interestingly, induced pluripotent stem cells (iPSCs) can be generated from either embryonic or adult differentiated cells upon expression of specific combinations of transcription factors (Takahashi and Yamanaka, 2006 ) (Box 1). As iPSCs can be generated from a specific patient, the use of these cells avoids potential medical or ethical issues when considering their application in regenerative medicine.
Emerging evidence suggests that pluripotent stem cells and certain adult stem cells are metabolically distinct from their differentiated counterparts and that these metabolic properties are important for stem cell identity. Furthermore, molecular regulators of energy metabolism have essential roles in stem cell fate, in particular, the decision to self-renew or differentiate. Finally, stem cells respond to fluctuations in organismal energy states in vivo. This Commentary will discuss the connections between stem cells and energy metabolism, focusing on human and mouse stem cells. The influence of metabolism on stem cells in other species has been described elsewhere (Jasper and Jones, 2010) . The main stem cell types that will be discussed are ESCs and iPSCs as examples of pluripotent stem cells, and neural stem cells (NSCs) and hematopoietic stem cells (HSCs) as examples of adult tissue-specific stem cells.
Metabolic properties of stem cells
Stem cells appear to depend mostly on glycolysis for production of ATP In contrast to differentiated cells, many stem cells appear to rely to a greater extent on glycolysis than on oxidative phosphorylation to generate adenosine-59-triphosphate (ATP). Bioenergetics studies have revealed that human ESCs (Zhang et al., 2011b; Zhou et al., 2012) depend, in a large part, on glycolysis for ATP production (Fig. 1) . Consistently, mitochondria are less complex and fewer in number in human ESCs than in their differentiated progeny (Cho et al., 2006; Facucho-Oliveira et al., 2007; St John et al., 2005; Varum et al., 2011; Zhang et al., 2011b) . Furthermore, studies analyzing mitochondrial respiration, glycolytic flux or proteomic profiles of purified adult HSCs have shown that these adult stem cells rely primarily on glycolysis to generate ATP (Miharada et al., 2011; Simsek et al., 2010; Unwin et al., 2006) . The dependency of stem cells on glycolysis for ATP generation is reminiscent of that of cancer cells (Hsu and Sabatini, 2008; Warburg, 1956) . Unlike oxidative phosphorylation, glycolysis can proceed anaerobically, raising the possibility that the dependency of a stem cell on glycolysis is an adaptation to the low oxygen levels that are present in vivo during development and in an adult stem cell microenvironment or 'niche' (see below) ( Fig. 1) .
Interestingly, metabolic differences between stem cells and differentiated cells might even promote the 'stemness' state. A glycolytic engagement is a crucial step in the conversion of terminally differentiated cells into iPSCs (Folmes et al., 2011; Panopoulos et al., 2012; Suhr et al., 2010; Varum et al., 2011) . But do metabolic shifts precede pluripotency acquisition or does a stem cell state promote changes in metabolism? Evidence exists for both possibilities. Chemically inhibiting mitochondrial activity in human ESCs promotes the expression of pluripotency markers (Varum et al., 2009 ). However, the reprogramming factor OCT4 (also known as POU5F1) and the related factor OCT1 (also known as POU2F1) have many metabolic transcriptional targets, and loss of OCT1 leads to a shift away from glycolysis (Kang et al., 2009; Shakya et al., 2009) , suggesting that transcriptional regulators of pluripotency and self-renewal coordinate the metabolism of stem cells. It is possible that during reprogramming a positive feedback loop is initiated, in which transcription factors first elicit a metabolic shift that is then necessary to induce additional endogenous pluripotency factors to complete the reprogramming into a stem cell state. The shift toward glycolysis might also minimize the production of reactive oxidative species (ROS), which could indirectly affect stem cell function, as described by Kobayashi and Suda (Kobayashi and Suda, 2012) .
However, stem cell metabolism is likely to be more complex than a simple reliance on glycolysis. For example, one study reported that human ESCs generate the majority of ATP from oxidative phosphorylation, not from glycolysis (Birket et al.,
Box 1. Induced pluripotent stem cells and reprogramming
In a landmark, Nobel prize-winning study, Takahashi and Yamanaka showed that the introduction of four transcriptional regulators (Oct4, Sox2, Klf4, Myc) was sufficient to convert mouse differentiated cells into ESC-like cells (Takahashi and Yamanaka, 2006) . This cellular reprogramming was subsequently demonstrated in human cells (Takahashi et al., 2007; Yu et al., 2007) . These pluripotent and self-renewing cells, termed induced pluripotent stem cells (iPSCs) appear to have most of the cellular and molecular properties of bona fide ESCs. Like ESCs, iPSCs are able to differentiate into all three germ layers (endoderm, mesoderm and ectoderm). When injected into a blastocyst, mouse iPSCs can produce viable chimeras that contribute to germline production (Okita et al., 2007) . In the past few years, great strides have been made in generating iPSCs from a variety of mouse and human differentiated cell types using different combinations of reprogramming factors, chemicals and delivery methods (Feng et al., 2009; Wang and Na, 2011) . Importantly, iPSCs have been derived from patients that are affected by various diseases (Grskovic et al., 2011) , leading to patient-specific in vitro disease modeling. Patient-derived iPSCs facilitate the exploration of the genetic and molecular bases of human diseases and enable in vitro drug screening for these diseases. iPSCs also have benefits over ESCs for therapeutic applications, including eliminating the possibility of graft-versus-host disease and avoiding ethical concerns of human embryo-derived cells. Fig. 1 . Energy sources in stem and differentiated cells. Many stem cell niches exhibit low oxygen concentrations. Stem cells appear to generate ATP mainly through glycolysis, which is independent of oxygen. Under low oxygen (,9% O 2 ), the hypoxia-inducible factor 1a (HIF1a) is stabilized and binds to its partner HIF1b. The HIF1 heterodimer binds to hypoxia response elements to control the expression of genes involved in glucose metabolism and transport, the cell cycle and cell death. HIF1 activity appears to have an active role in the regulation of stem cell metabolism, as it can induce stem cells to shift towards a predominantly anaerobic glycolytic metabolism. Conversely, differentiated cells generate ATP largely through oxidative phosphorylation, which requires oxygen. ETC, electron transport chain; TCA, tricarboxylic acid.
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2011). Such a difference to other studies is not completely understood yet, but could arise from the sensitivity of the detection technology used, or the fact that there might be slightly different stages of pluripotency -and thus metabolism -among ESCs (Zhou et al., 2012) . Mouse ESCs also depend on the amino acid threonine as a crucial source of energy, whereby the citric acid cycle metabolite acetyl-coenzyme A is generated through the action of threonine dehydrogenase (Shyh-Chang et al., 2013; Wang et al., 2009) . Interestingly, lipid metabolism is also emerging as a key regulator of stem cell maintenance and differentiation (Ito et al., 2012; Knobloch et al., 2013) . A more in-depth analysis of the metabolism of stem cells is needed to clarify the circumstances under which the different components of respiration are utilized (Box 2). It is worth noting that metabolic information obtained from cultured stem cells might not reflect the metabolism of stem cells in their natural niche for two main reasons (Joseph and Morrison, 2005) . First, culture systems can differ quite dramatically from stem cell niches in terms of nutrient availability, cell-cell and cell-extracellular matrix contacts, and oxygen availability (Mohyeldin et al., 2010) . These differences might be particularly significant for cells that are normally relatively quiescent, but are triggered to divide rapidly once they are exposed to growth factors in vitro, such as adult NSCs (Morshead et al., 1994) . Second, stem cell cultures are often a heterogeneous mixture of stem cells, progenitors and differentiating cells. Future metabolic studies performed on small numbers of cells immediately after their isolation from tissue will aid our understanding of the metabolic profile of stem cells in vivo (Box 2).
Regardless of technical limitations, it is becoming increasingly clear that stem cells harbor different energy metabolism requirements compared with differentiating progeny. The unique metabolic properties of stem cells could be harnessed to facilitate the development of stem-cell-targeted therapies, in which stem cells are selectively directed to self-renew or differentiate by manipulating their metabolic state.
Oxygen availability directs metabolic and stem cell states
The dependency of stem cells on anaerobic glycolysis for energy production might be an adaptation to the low levels of oxygen that are present where these cells reside in vivo. For example, the uterus of rodents has particularly low levels of oxygen (3.5-5%) during the period of late blastocyst development and implantation (Fischer and Bavister, 1993) , a period of intense stem cell proliferation. Adult HSCs and NSCs are also thought to reside in niches that are characterized by low oxygen levels (,1-6%) (Eliasson and Jönsson, 2010; Silver and Erecińska, 1998) , and it is likely that most stem cell niches experience low oxygen although further investigation of other stem cell compartments is needed.
Accumulating evidence supports the idea that the fates of embryonic and adult stem cells are controlled by oxygen signaling (Mannello et al., 2011; Mohyeldin et al., 2010; Rafalski and Brunet, 2011; Suda et al., 2011) . For example, lower levels of oxygen (3-5% compared with 20% atmospheric O 2 ) promote human ESC self-renewal in vitro by preventing premature differentiation (Ezashi et al., 2005) . Low oxygen concentrations (5%) also help the reprogramming of fibroblasts into iPSCs (Ezashi et al., 2005; Yoshida et al., 2009) . In a similar manner, NSCs that are isolated from embryonic rodent or neonatal human brains show enhanced proliferation and reduced levels of cell death when cultured in low oxygen Pistollato et al., 2007; Studer et al., 2000) . Oxygen gradients in the niche might even help to direct stem cells to differentiate into specific cell lineages. Indeed, low oxygen (3-5%) can specify the fate of differentiating NSCs, promoting the production of dopaminergic neurons and oligodendrocytes Studer et al., 2000) .
The hypoxia-inducible transcription factors (HIF), which are stabilized and activated under low oxygen (,9% O 2 ), are crucial for relaying the effect that oxygen has on stem cell fate. For example, HIF2a (also known as EPAS1) is necessary for mouse ESC self-renewal and the upregulation of pluripotency genes, such as Oct4 (Covello et al., 2006; Mathieu et al., 2011) . Mice lacking HIF1a have substantial reductions in the number of HSCs in bone marrow transplantation assays and during normal aging (Takubo et al., 2010) . The expression of Hif1a in HSCs is, in part, controlled by MEIS1, a transcription factor that is expressed in HSCs and downregulated during differentiation (Simsek et al., 2010) , suggesting that HSCs are programmed to thrive under low oxygen. In a similar manner, HIF1 signaling is also important for
Box 2. Technologies enabling studies of stem cell metabolism
The comprehensive identification of potentially new metabolic states in stem cells will require unbiased methods. Advances in detection technologies, together with a developing excitement for understanding how metabolic state can influence cellular properties, has enabled the unbiased profiling of large numbers of metabolites in a single experiment, a field of study termed metabolomics. Metabolites are typically profiled by using liquid chromatography coupled with mass spectrometry or by using nuclear magnetic resonance. Emerging studies suggest that metabolomics studies can be performed on small numbers of cells (or even single cells) directly after their isolation and purification from tissue using fluorescence-activated cell sorting (FACS) methods (Rubakhin et al., 2011) , which will aid our understanding of the metabolite profile of stem cells in vivo. Metabolic profiling of pluripotent stem cells has already determined that a bias towards a glycolytic metabolism is conducive to the acquisition of a pluripotency state (Folmes et al., 2011; Panopoulos et al., 2012) . It has also been demonstrated that mouse ESCs possess more unsaturated molecules (containing doubleand triple-bonded carbons) than differentiated cell types (Yanes et al., 2010) . Specific unsaturated signaling molecules, such as the lipid second messengers arachidonic acid and diacylglyercol, appear to be crucial for ESC properties and subsequent multilineage differentiation (Yanes et al., 2010) . Performing these types of metabolomic studies in additional contexts, for example, in adult stem cells, should allow the unbiased identification of 'metabolic signatures' of stem versus differentiated cells. Such metabolic signatures could then be coupled with other types of signatures (e.g. transcriptional or epigenetic signatures) to help to truly define 'stemness'. Another technique called multi-isotope imaging mass spectrometry should also aid the characterization of stem cell metabolism through the high-resolution tracking of heavy isotopelabeled molecules as they are being utilized by the cell (Steinhauser et al., 2012) . Knowing the differences in metabolic profiles as a function of stem cell type or external stimuli will be a key step in determining how metabolic properties of stem cells, in particular adult stem cells, are connected to quiescence and proliferation, differentiation potential and age-related changes (Rando, 2006) .
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normal mouse brain development (Tomita et al., 2003) , and gene expression analyses comparing adult NSCs with differentiated neural cells indicate that adult NSCs have higher expression levels of Hif1a, emphasizing the importance of hypoxia signaling for NSCs (Bonnert et al., 2006; Ramalho-Santos et al., 2002) .
Collectively, these studies suggest that low oxygen concentrations trigger alterations in HIF signaling, which, in turn, affects the metabolic and the 'stemness' networks of the cell, both of which might be linked by reciprocal amplification loops. Dissecting the interactions and feedback loops in this 'metabolic-stemness' network and understanding how it responds to external oxygen availability will be crucial in order to develop better methods to maintain stemness and enhance reprogramming.
Nutrient-sensing pathways coordinate energy metabolism with stem cell function Nutrient-sensing signaling pathways orchestrate cellular and organismal metabolism in response to dietary changes. Accordingly, a number of these signaling pathways and molecules, including the insulin-forkhead box O factors (FOXO) pathway, mammalian target of rapamycin (mTOR), AMP-activated protein kinase (AMPK), and Sirtuins, have been implicated in the regulation of lifespan and healthspan (Greer and Brunet, 2008) . This section reviews how nutrient-sensing pathways affect stem cell fate, thereby connecting energy metabolism with tissue regeneration and homeostasis.
The insulin-FOXO and mTOR pathways in stem cell quiescence and oxidative stress resistance The insulin-FOXO pathway
The insulin-FOXO pathway regulates aging in a conserved manner from worms to mammals (Kenyon, 2010) . Insulin and insulin growth factor 1 (IGF1) signaling leads to the phosphorylation of FOXO transcription factors (FOXOs) by the protein kinase AKT and serum-glucocorticoid regulated kinase (SGK) and the subsequent inactivation of these transcription factors by sequestration in the cytoplasm (Greer and Brunet, 2005) . Conversely, FOXOs translocate to the nucleus when insulin and IGF1 signaling is reduced, that is, under conditions that lead to longevity. There are four FOXO family members in mammals (FOXO1, FOXO3, FOXO4, FOXO6). The isoform FOXO3 has been linked to exceptional longevity in several independent studies (Anselmi et al., 2009; Flachsbart et al., 2009; Pawlikowska et al., 2009; Willcox et al., 2008) .
FOXOs have recently been shown to be essential for both adult and embryonic stem cells (Table 1) . FOXO1, FOXO3 and FOXO4 are important for the long-term homeostasis of HSCs and NSCs in adult mice, as deletion of FOXO family members leads to the premature depletion of these adult stem cells (Miyamoto et al., 2007; Paik et al., 2009; Renault et al., 2009; Tothova et al., 2007; Yalcin et al., 2008) . FOXO3, which is associated with exceptional human longevity, appears to be particularly important for the maintenance of HSCs and NSCs, as its deletion is sufficient to result in the depletion of HSCs and NSCs (Miyamoto et al., 2007; Paik et al., 2009; Renault et al., 2009; Tothova et al., 2007) . FOXO1 is also crucial for the homeostasis of spermatogonial stem cells (SSCs) in adult mice (Goertz et al., 2011) . Finally, FOXO1 has recently been found to be important for the pluripotency of both human and mouse ESCs (Zhang et al., 2011c) , and FOXO4 upregulates proteasome activity, which is pivotal for human ESC pluripotency (Vilchez, et al., 2012) . Although FOXO3 does not appear to control proteasome activity in human ESCs (Vilchez et al., 2012) , it can regulate pluripotency in mouse ESCs (Zhang et al., 2011c) . Thus, FOXO family members are important for the maintenance of adult stem cells and the pluripotency of ESCs, but the respective contribution of different FOXO isoforms can differ as a function of stem cell type.
In NSCs and HSCs, FOXOs act by maintaining stem cell quiescence (infrequent cell cycle entry), a key feature of adult stem cells (Fig. 2) . In the absence of FOXOs, more committed progenitors overproliferate, thereby exhausting the pool of quiescent stem cells. FOXOs upregulate the expression of proteins that are involved in cell cycle arrest, including p27 KIP1 , p57
KIP2 and cyclin G2 (encoded by Cdkn1b, Cdkn1c and Ccng2, respectively), which are likely to contribute to maintaining quiescence (Paik et al., 2009; Renault et al., 2009; Tothova et al., 2007) . FOXOs also directly repress the expression of abnormal spindle-like microcephaly-associated protein (ASPM), which is required for proliferative divisions of neural stem and progenitor cells (Paik et al., 2009) , an activity that can also promote NSC quiescence. Interestingly, although FOXOs tend to promote quiescence in stem cells, FOXO function in non-cycling, differentiated cell types, such as neurons, appears to be largely to promote apoptosis in response to cellular stress (Salih and Brunet, 2008) .
Stem cell self-renewal is sensitive to oxidative stress (Ito et al., 2004) and FOXOs help maintain stem cells by preventing the accumulation of ROS, which can disrupt genomic and protein integrity. Indeed, some, but not all, of the consequences of FOXO loss on the HSC and NSC compartments can be rescued by the antioxidant N-acetyl cysteine (NAC) (Paik et al., 2009; Tothova et al., 2007; Yalcin et al., 2010) . FOXOs are known to regulate several genes involved in the resistance to oxidative stress in many cell types (Dansen and Burgering, 2008 ). This activity not only helps to preserve the stem cell pool, but is also likely to minimize the incorporation of abnormal stem cell progeny into tissues and to avoid the transition from stem cell to cancer cell.
Interestingly, in NSCs, FOXO3 also regulates the expression of genes that are involved in hypoxia signaling (e.g. Ddit4, a known target of HIF1) (Renault et al., 2009) . Accordingly, the proproliferative response of FOXO3-deficient NSCs to low oxygen (2%) is impaired in vitro (Renault et al., 2009) . Like HIF1, FOXO3 regulates genes that are part of a 'molecular signature' for glycolysis and fructose metabolism (Renault et al., 2009) . It is also worth noting that the phenotypes of FOXO3-deficient and HIF1-deficient HSCs are similar, particularly in terms of loss of cellular quiescence and premature depletion of the HSC pool (Miyamoto et al., 2007; Takubo et al., 2010) . Together, these observations argue for a network of overlapping nutrient-sensing (through FOXO3) and oxygen-sensing (through HIF1) signaling.
Finally, in human ESCs, FOXO1 appears to regulate the expression of two crucial transcription factors for the stemness program, OCT4 and SOX2 (Zhang et al., 2011c) . These data suggest that FOXO transcription factors are part of a transcriptional network that connects energy metabolism and ROS responses with the stem cell properties of self-renewal and potency. Loss of cellular quiescence, increased apoptosis, elevated mitochondrial biogenesis and ROS levels; defective hematopoiesis in transplant assays. (Gan et al., 2008; Chen et al., 2008) HSCs Inhibition by rapamycin (treatment of old mice).
Rescue of age-related decline in self-renewal and hematopoiesis. NSCs Hyperactivation of mTOR in dorsal telenchephalic neuroepithelium by deletion of TSC1 (negative regulator of mTOR).
Abnormal CNS development due to transient increase in cell proliferation, followed by deregulated differentiation and neuronal migration. Reduced numbers of HSCs but normal reconstitution capacity in transplant assays; decreased levels of ATP and mitochondrial DNA. (Nakada et al., 2010) Energy metabolism and stem cells 5601 pathway and is part of two distinct complexes, mTORC1 and mTORC2, which coordinate cell growth, proliferation and survival (Laplante and Sabatini, 2012) (Fig. 2) . At the organismal level, mTOR is involved in energy metabolism regulation, cancer and aging (Kapahi et al., 2010; Laplante and Sabatini, 2012) . For example, blocking mTOR activity with the pharmacological drug rapamycin can extend the lifespan of mice (Harrison et al., 2009) . Multiple recent studies have revealed vital, yet different, roles for mTOR signaling in ESCs and adult tissue-specific stem cells (Table 1 ). In ESCs, mTOR is important for self-renewal; inhibition of mTOR by rapamycin or by knockdown in mouse and human ESCs reduces the expression of pluripotency markers and impairs the self-renewal of ESCs in vitro (Schieke et al., 2008; Zhou et al., 2009 ). Furthermore, deletion of mTOR inhibits proliferation in early mouse embryos (Murakami et al., 2004) . Somewhat surprisingly, mTOR also appears to promote ESC differentiation. For example, the transition from ESCs to more differentiated cell types is associated with increased activation of mTORC1 signaling (Easley et al., 2010; Sampath et al., 2008) . Furthermore, overexpression of a constitutively active form of S6 kinase 1, a substrate of mTORC1, promotes differentiation of ESCs (Easley et al., 2010 ). It will be important to understand the circumstances under which TOR promotes either ESC selfrenewal and pluripotency or differentiation, and whether different mTOR substrates are involved in mediating these diverse functions of mTOR.
In contrast to ESCs, in which mTOR activity is necessary for self-renewal, adult stem cell self-renewal might actually benefit from reduced levels of mTOR signaling, perhaps because adult stem cells are relatively quiescent. Deletion of tuberous sclerosis protein 1 (TSC1), a negative regulator of mTORC1, leads to overproliferation of HSCs as well as defects in multilineage differentiation and the capacity for bone marrow reconstitution . Consistently, treatment of old mice with the mTORC1 inhibitor rapamycin confers 'youthful' phenotypes to old HSCs and improves the function of their immune system . Because mTOR signaling increases dramatically in HSCs with age , mTOR might be a primary effector of HSC aging, although it remains unknown what causes this age-dependent increase in mTOR signaling in this stem cell compartment. The observation that maintaining lower mTOR activity prevents adult stem cell exhaustion is not limited to HSCs. In the mouse epidermis, mTOR activation by chronic Wnt signaling leads to a premature depletion of epidermal stem cells, which manifests itself as Journal of Cell Science 125 (23)premature loss of hair (Castilho et al., 2009) . Although maintaining lower TOR activity is beneficial for adult stem cells, a complete loss of mTOR activity is detrimental. Indeed, deletion of Raptor, a key component of the mTORC1 complex, leads to defects in HSC function upon transplantation (Kalaitzidis et al., 2012) . Finally, although mTOR appears to affect stem cells mostly by acting in a cell-autonomous manner (Kalaitzidis et al., 2012; Magri et al., 2011) , it can also influence adult stem cells (e.g. intestinal stem cells) in a non-cell-autonomous manner by acting on the stem cell niche (Yilmaz et al., 2012) . How does mTOR hyper-or hypoactivation affect stem cell metabolism? mTOR hyperactivation is associated with increased numbers of mitochondria and higher ROS levels in adult HSCs . Lowering ROS levels by treatment with the antioxidant NAC partially rescues these HSC defects , which are reminiscent of HSC phenotypes that lack FOXOs (Tothova et al., 2007) . Hypoactivation of mTOR owing to loss of Raptor is associated with changes in metabolism, in particular, the lipid and cholesterol metabolism in HSCs (Kalaitzidis et al., 2012) . The relative contributions of mTOR targets, such as ribosomal S6 protein kinase 1 (S6K1, also known as RPS6KB1), eukaryotic translation initiation factor 4E-binding protein 1 [(4E-BP1), also known as EIF4EBP1] and SGK1 (Fig. 2) , to these metabolic phenotypes in stem cells remain to be determined.
Together, these studies highlight that mTOR signaling is essential for ESC growth and proliferation, yet excessive mTOR activation can be ultimately detrimental for adult stem cell pools and lead to early aging phenotypes. Both mTOR and FOXO are downstream mediators of insulin signaling, which leads to mTOR activation and inhibition of FOXOs. Consistently, FOXOs and mTOR have largely antagonistic functions in stem cells; FOXOs promote the maintenance of stem cells in adulthood and help minimize oxidative stress, whereas overactive mTOR signaling leads to premature stem cell depletion and accumulation of oxidative stress. Collectively, these observations support the idea that a certain degree of cellular quiescence is required to preserve the pool of adult stem cells (Kippin et al., 2005; Morshead et al., 1994) . Although stem cell populations are considered 'immortal', there might be a limit in the number of times a stem cell can undergo cell division before losing its self-renewal capacity in vivo. These findings also support the idea that high levels of oxidative stress contribute to stem cell dysfunction. Minimizing oxidative damage is likely to be more important in stem cells than in differentiated cells, as stem cells give rise to daughter stem cells and therefore must maintain overall cellular integrity, including genomic, protein and organelle content in order to ensure normal tissue function and avoid tumor development.
AMPK in stem cell mitosis and mitochondrial homeostasis
AMPK is a central 'fuel gauge' that is activated by a wide range of stimuli, including low energy or cellular stress. AMPK becomes active when intracellular levels of AMP or ADP are higher than that of ATP, and its activation requires the presence of one of several upstream kinases, including the tumor Fig. 2 . Nutrient-sensing pathways in stem cells. Nutrient and energy-responsive signaling pathways impact stem cells in a variety of ways. Shown here is a schematic illustration of the cellular components that respond to energy availability to influence stem cell metabolism and fate. Blue shading highlights molecules that are active in a high-energy state. Red shading highlights molecules that are inactive in a high-energy state, or that are active in response to cellular stresses, such as low oxygen and low energy. AKT, protein kinase B; AMPK, AMP-activated protein kinase; ETC, electron transport chain; FOXO, Forkhead Box O; HIF1, hypoxia-inducible factor 1; Insulin-IGF1R:insulin-insulin-like growth factor 1 receptor; LKB1, liver kinase B1; mTOR, mammalian target of rapamycin; PI3K, phosphatidylinositol 3-kinase; PTEN, phosphatase and tensin homolog; SIRT1, Sirtuin 1; SGK1, serum-glucocorticoid regulated kinase 1; S6K1, ribosomal S6 protein kinase 1; TCA, tricarboxylic acid cycle (also known as Krebs cycle or citric acid cycle); 4E-BP1, eukaryotic translation initiation factor 4E-binding protein 1.
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suppressor liver kinase B1 (LKB1, also known as STK11) and Ca 2+ -calmodulin-dependent protein kinase kinase b (CAMKKb) (Kahn et al., 2005) (Fig. 2) . AMPK switches off energyconsuming pathways and triggers energy-producing pathways by phosphorylating many substrates that are involved in glucose and lipid metabolism, autophagy and mitophagy, transcription, and cell cycle regulation (Banko et al., 2011; Mihaylova and Shaw, 2011) . AMPK has been shown to be crucial for longevity (Greer et al., 2007; Mair et al., 2011) , the prevention of type II diabetes (Li et al., 2011) and tumor suppression (Shaw et al., 2004) .
Although the importance of AMPK in stem cells has not yet been extensively studied, it is known that AMPK functions in adult HSCs to influence mitochondrial homeostasis. HSCs that lack both catalytic a-subunits of AMPK have decreased levels of ATP and mitochondrial DNA (Nakada et al., 2010) . Numbers of HSCs in the bone marrow are substantially reduced several months after AMPK activity is abrogated (Nakada et al., 2010) , suggesting that the regulation of mitochondrial homeostasis by AMPK contributes to the control of HSC proliferation. However, AMPK activity is not necessary for HSCs to reconstitute the blood in bone marrow transplantation assays (Nakada et al., 2010) . Furthermore, AMPK does not appear to mediate the majority of the actions of its upstream regulator LKB1 in the maintenance of HSCs, suggesting that AMPK-related kinases are important for the function of LKB1 in this context (Gan et al., 2010; Gurumurthy et al., 2010; Nakada et al., 2010) . Given that AMPK activity relies on a high ratio between [AMP] and [ATP], the functional relevance of the observed AMPK-dependent phenotypes might depend on the nutrient status of the organism.
AMPK can also regulate stem cell mitosis in the nervous system. For example, in the developing mouse brain, abrogating normal AMPK activity leads to defective mitosis of neural progenitor cells and abnormal brain development (Dasgupta and Milbrandt, 2009 ). This possible effect is consistent with the recent identification of a role for AMPK substrates in mitosis (Banko et al., 2011) . Because AMPK is active under low energy conditions, it appears counterintuitive that it promotes stem cell proliferation given the high-energy demands of cellular division. It is possible that under low energy conditions, AMPK activity ensures the completion of mitosis, because cell cycle arrest at this stage could have disastrous consequences for the genomic stability of a cell. Much still remains to be determined with regard to the roles of AMPK in stem cells, the metabolic conditions under which it is most important, and the substrates that mediate its actions in stem cells.
SIRT1 in the proliferation, differentiation and genomic integrity of stem cells
The protein deacetylase Sirtuin 1 (SIRT1) is one of seven mammalian Class III deacetylases (also called Sirtuins) that become active when the ratio between [NAD+] and [NADH] is high, a state associated with low energy as well as oxidative stress (Imai and Guarente, 2010; Webster et al., 2012) . SIRT1 is the Sirtuin with the greatest homology to the yeast Sir2 deacetylase, which is known to extend the replicative lifespan of yeast (Kaeberlein et al., 1999) . In mammals, SIRT1 is a crucial regulator of cellular and organismal metabolism (Yu and Auwerx, 2009) , improves various markers of health (Bordone et al., 2007; Herranz et al., 2010) , provides neuroprotection in a variety of neurodegenerative diseases (Zhang et al., 2011a) , and has also been shown to have tumor-suppressive functions in some, but not all, contexts (Fang and Nicholl, 2011) .
The effects of SIRT1 perturbation are not identical in all stem cells (Table 1) . SIRT1 is highly expressed in human and mouse ESCs, and its expression declines during multilineage differentiation, suggesting that SIRT1 has a more important function in ESCs than in differentiated progeny (Calvanese et al., 2010; Saunders et al., 2010 ). Yet, under basal conditions, mouse ESCs that lack SIRT1 show no obvious defects (McBurney et al., 2003) . However, exposure to mild oxidative stress activates SIRT1 to both promote apoptosis Han et al., 2008) and minimize the accumulation of chromosomal abnormalities in mouse ESCs (Oberdoerffer et al., 2008) . Together, these studies indicate that SIRT1 carries out antitumorigenic activities by regulating nuclear translocation of FOXO and p53, as well as promoting the repair of DNA damage. These findings contrast with previously demonstrated roles for SIRT1 in preventing apoptosis in response to oxidative stress in mouse embryonic fibroblasts, cerebellar granule neurons and human cancer cell lines (Brunet et al., 2004; Motta et al., 2004) . It is possible that the ability of SIRT1 to induce or prevent apoptosis depends on the amount and source of oxidative stress present, or the specific cell type (stem versus differentiated).
The function of SIRT1 in HSCs is also age and contextspecific. In vitro differentiation of mouse ESCs into the hematopoietic lineage is defective in the absence of SIRT1 (Ou et al., 2011 ), yet adult mice lacking SIRT1 display virtually normal hematopoiesis (Leko et al., 2012; Narala et al., 2008) . It is possible that other histone deacetylases compensate for loss of SIRT1 in adulthood, allowing the blood constituents to form properly after development, even in the absence of SIRT1. Intriguingly, HSC maintenance in old mice is not affected by the deletion of SIRT1 despite increased proliferation levels, suggesting that HSC self-renewal can be maintained in the absence of SIRT1 (Leko et al., 2012; Narala et al., 2008) . The mechanisms and specific substrates (histones or non-histone proteins) underlying the ability of SIRT1 to either inhibit or promote the expansion of a cell population in the blood lineage remain to be elucidated. SIRT1 activity is highly responsive to changes in oxidative state given its dependence on a high [NAD+] to [NADH] ratio, and this has large implications for stem cell fate under varying oxidative conditions. For example, SIRT1 promotes proliferation of adult rat muscle stem cells (Rathbone et al., 2009 ) and represses their differentiation into myocytes (Fulco et al., 2008; Fulco et al., 2003) . Indeed, a reduction in [NAD+] : [NADH] , a state inhibitory for SIRT1 activity, is associated with mouse muscle cell differentiation and, by this means, is likely to relieve SIRT1-mediated repression of genes that promote muscle differentiation and maturation (Fulco et al., 2003) . In addition, under oxidative conditions, SIRT1 skews the fate of embryonic neural progenitors towards astrocytes at the expense of neurons by repressing transcription of the proneural transcription factor ASCL1 (also known as MASH1) (Prozorovski et al., 2008) . Such an activity might be relevant in neurodegenerative conditions that are associated with high levels of oxidative stress, such as amyotrophic lateral sclerosis (ALS), Parkinson's Disease and Alzheimer's Disease (Emerit et al., 2004) .
Interestingly, pathways that respond to nutrient availability, such as those involving insulin-FOXO, mTOR, SIRT1 and AMPK, interact with each other and with other factors that are involved in metabolic regulation, forming a 'signaling and metabolic network' (Fig. 2) . For example, FOXO and the oxygen-sensor HIF1 share common target genes (Renault et al., 2009) , and HIF1 translation is regulated by mTOR (Wouters and Koritzinsky, 2008) . Additionally, AMPK can activate SIRT1 by upregulating the biosynthesis of NAD+ Cantó et al., 2010; Price et al., 2012) . These studies raise the intriguing question of how the activity of metabolic regulators is altered by their interactions with niche constituents, such as oxygen concentration and secreted signaling molecules. Finally, given that FOXO, mTOR, SIRT1 and AMPK all have important functions in the metabolic homeostasis of the whole organism (Gross et al., 2008; Hardie et al., 2012; Laplante and Sabatini, 2012; Satoh et al., 2011) , it remains to be explored how the regulation of organismal metabolism by these energyresponsive molecules can have non-cell-autonomous effects on stem cells.
Metabolic regulators in somatic cell reprogramming
The identification of important roles for metabolic regulators, such as FOXOs, mTOR, AMPK and SIRT1, in affecting stem cell fate has motivated the investigation of their influence on the transition from differentiated cell into iPSCs. One could expect that experimental manipulations that promote ESC self-renewal and pluripotency would also enhance reprogramming into iPSCs. However, despite the fact that mTOR is important for maintaining ESC pluripotency and proliferation (Table 1) , mTOR inhibitors actually positively affect cell reprogramming (Chen et al., 2011) . Conversely, elevating mTOR activity inhibits reprogramming of differentiated cells into iPSCs (He et al., 2012) . What are the molecular mechanisms by which mTOR activity regulates cellular reprogramming? Because mTOR is necessary for mitochondrial oxidative function (Cunningham et al., 2007) , it is probable that excessive mTOR activity inhibits reprogramming by preventing the switch to a glycolytic metabolism (Menendez et al., 2011) . Surprisingly, even though mTOR and AMPK usually act antagonistically, activation of AMPK by metformin or its specific activator A-769662 also represses cellular reprogramming (Vazquez-Martin et al., 2012) , potentially by shifting metabolic dependence towards oxidative phosphorylation. These studies contribute to the emerging idea that metabolic state, in particular, the balance between glycolysis and oxidative phosphorylation, crucially impacts the establishment of stem cell characteristics. However, it is still unclear why the activation of either AMPK or mTOR has similar effects on reprogramming, given the normally antagonistic role of these two pathways. More consistent with such opposing functions of mTOR and AMPK, it has been shown that resveratol and fisetin, two compounds known to activate Sirtuins and the AMPK pathway, among other pathways, increase the reprogramming efficiency of mouse embryonic fibroblasts sixfold (Chen et al., 2011) , although the mechanism underlying this enhanced reprogramming remains unclear. It is possible that mTOR, AMPK and SIRT1 contribute both to the metabolic changes that occur in the transition between a differentiated cell and a stem cell, and to stem cell properties per se. Thus, understanding the function of these pathways in cellular reprogramming will require more detailed metabolic, gene expression, chromatin and proteomic analyses over the reprogramming time course.
Concluding remarks: implications of fluctuations in organismal metabolism for stem cells
The numerous observations that stem cell properties are affected by energy-responsive molecules and signaling pathways raise questions about the fate of stem cells under conditions when metabolic homeostasis is perturbed (Fig. 3) . Studies suggest that abnormal endocrine signaling in organisms with extreme metabolic states has a substantial impact on proliferation and differentiation of multiple stem cell populations throughout the body (Fig. 3) . It is also possible that variations in metabolism during gestation could contribute to observable phenotypes in offspring through their effects on stem cells. For example, low energy levels and the associated hormonal signals that occur in the pregnant mother could be directly transmitted to the offspring through the placenta, resulting in transient or permanent changes to stem cells in the embryo (Fig. 3) . Further exploration into how stem cells are affected by systemic metabolic states might reveal exciting new roles for metabolism during development, and might Fig. 3 . The impact of organismal metabolism on stem cell fate. Schematic diagram of how energy availability and metabolic state of a whole organism can influence stem cells, either directly or indirectly. Nutrient availability can be influenced by food consumption, metabolic disorders, or, in the case of the fetus, maternal diet. Obesity and dietary restriction are two examples of extremes of nutrient availability, the former is closely associated with type II diabetes, a widespread disease of insulin resistance, whereas the latter is associated with health benefits in many species (Fontana et al., 2010) . Studies examining how diabetes and other diseases of metabolism alter stem cell function are beginning to emerge. For example, mobilization of HSCs by granulocyte colony-stimulating factor (G-CSF) is impaired in both diabetic human patients and mouse models of type I or type II diabetes (Ferraro et al., 2011) . In the brains of rodents with either type I or type II diabetes, NSC proliferation and neurogenesis are reduced in the hippocampus in a corticosterone-dependent manner (Rafalski and Brunet, 2011; Stranahan et al., 2008) . Conversely, dietary restriction (30% reduction in calorie intake without malnutrition) enhances the survival of newborn neurons in the adult rodent hippocampus . These studies highlight how stem cells can respond dramatically to organismal changes in metabolic homeostasis and argue that more studies need to be conducted to characterize not only how stem cell populations are affected by disordered metabolism, but also how pharmaceutical drugs that are used to treat these metabolic conditions affect stem cells. Maternal nutrition also has the potential to impact the fetus through changes in stem cell fate. The Dutch famine during World War II is an example of how starvation in pregnant mothers can result in glucose intolerance, cognitive dysfunctions, and greater risk for breast cancer and heart disease in offspring that were developing embryos during the time of maternal starvation (de Rooij et al., 2010; Roseboom et al., 2006) . Although the effects of maternal starvation on stem cells of the fetus are not known, in utero changes in metabolism are likely to have a key function in the regulation of stem cells and the tissues that develop from them. 
